Through a variety of highly correlated methods combined with large basis sets we have studied the electronic structure of FeO, FeO + , and FeO − . In particular, we have constructed complete potential energy curves for 48, 24, and 4 states for the FeO, FeO + , and FeO − species, respectively, at the multireference level of theory. For all states examined we report energetics, common spectroscopic parameters, and dipole moments. Overall our results are in good agreement with experiment, but we have encountered as well interesting differences between experiment and theory deserving further investigation.
I. INTRODUCTION
The present high level ab initio study of iron oxide, FeO, and its ions FeO + and FeO − , is a continuation of our previous works on VO 0,± (Ref. 1) and ScO 0,± , TiO 0,± , CrO 0,± , and MnO 0,± (Ref.
2). The computational difficulties of 3d-transition metals (M) containing compounds are well known 3 (see also Ref. 2 and references cited therein), the main reasons being the high density of states and the high orbital and spin angular momenta of the 3d-M atoms. For instance in the case of the Fe atom and within a 2.5 eV energy interval there are eight 2S+1 L atomic terms, namely, 5 D, 5 F, 3 F, 5 P, 3 P, 7 D, 3 H, and 3 F. 4 Considering only the lowest reaction channel Fe( 5 D) + O( 3 P) we get 27 2S+1 low-lying FeO molecular terms, disregarding their components.
It seems that FeO is one of the most abstruse among the 3d-metal oxides (MOs) both experimentally and theoretically. Despite the extensive experimental work on FeO, definite, non-conflicting experimental results are limited. For instance, the ground state symmetry of FeO was firmly established relatively recently by Merer and co-workers, 16, 17 whereas even the ground state vibrational frequency was not known with certainty until 1997. 27 What we do know experimentally with confidence for FeO are the symmetries of the ground (X 5 ) and first excited (A 5 + ) states, their bond lengths r 0 = 1.6194 (Ref. 26 ) and 1.6258 Å, 14 and the binding energy D state. Quantum mechanical ab initio calculations on FeO are confined to seven publications. [31] [32] [33] [34] [35] [36] [37] It is remarkable, however, that as early as 1973 the first singles and doubles configuration interaction (CISD) calculation with Slater orbitals by Bagus and Preston, 31 predicted correctly the ground state of FeO to be 5 . Twelve years later Krauss and Stevens 32 studied by multiconfiguration self-consistent field (MCSCF) some 13 states of FeO (and RuO) around equilibrium a) Electronic mail: mavridis@chem.uoa.gr.
employing relativistic effective potentials. Dolg et al. 33 calculated through CISD with adjusted ab initio pseudopotentials the ground states of the entire MO series, M = Sc-to-Zn. In 1990 Bauschlicher and co-workers 34 studied the dipole moment of the X . However, our results indicate clearly (vide infra) that this good agreement of r e , ω e , and μ is rather due to error cancellations. Cardoen and Gdanitz 36 investigated the dipole moment of the X 5 state of FeO through ACPF-like multireference and CISD/[6s5p4d3f/ Fe 5s5p2d1f/ O ] methods at fixed geometry (r = 1.6404 Å). Their results for all methods employed deviate from experiment by +0.6 to +0.7 D. The calculation of dipole moments has been proved one of the most difficult and method-sensitive properties; obtaining accurate results and for the right reasons is an arduous task (see also Ref. 38) . The case of FeO in particular seems to be by now notorious, while even our present extensive calculations on FeO do not converge to the experimental μ value 28 (vide infra). The most recent ab initio work on FeO (and FeO − ) is that of Hendrickx and Anam. 37 These workers examined around equilibrium 12 37 For all states they report r e , ω e , and T e ; in addition electron affinities (EAs) and dipole moments are reported for the X 5 , A 5 + , and a 7 + states using the larger basis set. Their results, at least for the first three states, are in acceptable agreement with the present work (see below). Finally, we have traced five density functional theory (DFT) publications on FeO using a variety of functionals. [39] [40] [41] [42] [43] There are nine experimental publications on FeO + , 10, 30, [44] [45] [46] [47] [48] [49] [50] concerning the ground (X 6 + ) and two excited states, 6 7/2 and 6 + . With confidence we do know the symmetry of the ground state, 48 48 respectively, and ω e ( 6 + ) = 662 ± 2 cm −1 . 48 We are aware of three ab initio 32 52 studied the entire series of the 3d-MO + s (M = Sc-to-Zn) by MRCI, multireference second-order Møller Plesset (MRMP), 54 and DFT/(B3LYP, BLYP, BOP) methods, using the Stuttgart relativistic small core effective potentials for the metal(s) and the cc-pVTZ basis set for the oxygen atom. For the FeO + , in addition to the ground state, they also examined around equilibrium five sextets and five quartets of ± , , , and spatial symmetries at the MRCI level reporting r e , D 0 , and ω e . 52 On the FeO − anion there exist four experimental photoelectron spectrometry publications 11, 25, 27, 55 
II. BASIS SETS AND METHODS
Correlation consistent (cc) basis sets were used throughout the whole study. 57 For the Fe atom the cc-basis set of quintuple cardinality by Balabanov and Peterson was employed, 58 combined with the quintuple augmented basis set aug-cc-pV5Z for the O atom. 57, 59 Both sets were generally contracted to [9s8p6d4f3g2h1i/ Fe 7s6p5d4f3g2h/ O ] = A5ζ . The A5ζ basis was used for the construction of all PECs of the present study. When the Fe core (subvalence) 3s 2 3p 6 electrons were included in the CI calculations the A5ζ basis was extended by a set of weighted core functions (2s2p2d1f1g1h1i), 58 resulting to a contracted basis set [11s10p8d5f4g3h2i/ Fe 7s6p5d4f3g2h/ O ] = CA5ζ of order 338.
All molecular states have been calculated by the complete active space self-consistent field (CASSCF) + single + double replacements (CASSCF + 1 + 2 = MRCI) method under C 2v restrictions. Certain low lying states, whenever possible, were also studied through the restricted coupledcluster + singles + doubles + quasi-perturbative connected triples approach, RCCSD(T). 60 Because of convergence problems at the Hartree-Fock level natural CASSCF orbitals were used in all RCCSD(T) calculations. The CASSCF reference functions are defined by allotting 12 (FeO), 11 (FeO + ), and 13 (FeO − ) electrons to nine "valence" orbitals (4s + 3d/ Fe + 2p/ O ), respectively. Corresponding (valence) internally contracted (ic) (Ref. 61) wave functions were calculated through single and double excitations out of the reference spaces including the complete valence space of the O atom (2s2p). For a few low-lying states core correlation effects were taken into account by including the 3s 2 3p 6 electrons of the Fe atom in the MRCI and RCCSD(T) calculations, named C − MRCI and C − RCCSD(T), respectively. In addition, larger valence MRCI calculations (MRCI − L) have been performed for a few low lying states, by including the three 4p (Fe) and the one 2s (O) orbitals in the reference space. To make these MRCI − L calculations feasible we were forced to restrict the CASSCF excitations to no more than singles and doubles to the 4p space. The icC − MRCI (C − MRCI) expansions, for the X At the highest level of the MRCI, ACPF, and RCCSD(T) methods, the bond distance is calculated to be r e = 1.595 Å, some 0.024 Å shorter than the experimental one. The combined core (3s 2 3p 6 ) + relativistic effects amount to a bond shortening of ∼0.005 + 0.005 = 0.01 Å. Correcting for core effects the MRCI − L + DKH2 + Q results we obtain r e = 1.611 − 0.005 = 1.606 Å, in relatively good agreement with the experimental r 0 value of 1.6194 Å. 26 Our results, however, concerning the dissociation energy are not very sat- In an effort to improve our D e (D 0 ) results we repeated the above calculations using the analogous quadruple basis sets (AQζ ), and then we extrapolated to the complete basis set limit through the formula P = P CBS − A/l 3 , where P is a property, A is a fitting parameter, and l is the cardinality of the basis set; 69 see also Ref. 70 and references therein. At all methods the dissociation energy increases by ∼0.3 kcal/mol, a marginal improvement just cancelling the BSSE effect.
We would like to discuss now our findings on the dipole moment of the X 
− is close to reality, the bonding in the X 5 state can be thought of as a 80% (∼75 kcal/mol = 0.60 2 /r e ) and 20% (∼20 kcal/mol) mixture of Coulombic and covalent character, respectively.
A 5 +
As was already discussed the A 5 + state is predicted degenerate to the X 5 within the accuracy of our calculations, whereas the experimental T e is near 0.5 eV; see Table I and Fig. 1 The main equilibrium MRCI CF and Mulliken populations are 
α 7 +
This is the second excited state of FeO located 1144 cm
higher according to the most recent experimental findings. 27 With the exception of the coupled-cluster results our highest level calculations are in relative good agreement with the experimental T e , ranging from 1954 (C − MRCI + DKH2 + Q), to 1873 (C − ACPF + DKH2), to 1144 (MRCI − L + DKH2 + Q) cm −1 ; see Table I . The complete agreement of the last value with experiment is certainly coincidental because the subvalence (3s 2 3p 6 ) correlation effects are missing. As before we are dealing with an ionic state, the total Mulliken Fe-to-O charge transfer being ∼0. 6 Observe that the 4σ orbital is a hybrid localized on the metal. Tables III and IV along with ex- isting experimental values and the theoretical MRCI results of Nakao et al. 52 for easy comparison; MRCI + Q PECs are displayed in Fig. 2. 
Higher states

X 6 +
Some experimental results (r 0 , D 0 , ω e ) are available for the ground state; however, the entire low-level excited manifold of FeO + is in essence uncharted. It is "convenient," and this is quite common, that at the MRCI + Q level our results are practically identical with those at a considerably higher level. As a matter of fact the MRCI + Q r e and ω e values are in complete agreement with experiment; see Table III The main equilibrium MRCI configuration and corresponding Mulliken distributions are A total charge of 0.3 e − is transferred from the 4s3d z 2 hybrid on Fe + to the singly occupied 2p z orbital. By taking also into consideration the composition of the 2σ and 3σ orbitals, the emerging bonding can be described by the vbL icon below:
The directly measured ionization energy of FeO (X 5 ) is IE = 8.56 ± 0.01 eV, 30 as compared to the (adiabatic) theoret-
.86 (7.99) [8. 06] {8.41} eV, with the best agreement obtained at the coupled-cluster level, whereas core + relativistic effects combined contribute less than 0.14 eV depending on the method. The in situ positive character of Fe is the cause of the higher IE of FeO relative to that of Fe, (IE = 7.780 eV (Ref. 4) ).
a 4 , b 4
Located about 4000 cm −1 above the X 6 + the energy difference between the a Along the σ -frame nearly 0.4 e − migrate from Fe + to the singly occupied 2p z orbital of the O atom, while the 2σ can be considered as the bonding orbital.
1 4
This is formally the third excited state of FeO + located ∼5000 cm through the π and σ frames, respectively.
Higher states
The remaining 20 states listed in Table IV formally accepting that the ground state is 6 + (but see below). Our numerical results at the MRCI − L and RCCSD(T) level are presented in Table VI and PECs are shown in Fig. 3 . splittings decrease by more than 1000 cm −1 becoming 371 and 917 cm −1 mainly due to the core (3s 2 3p 6 ) effects of the metal. Assuming that the coupled-cluster core effects can be "more or less" transferred to the MRCI calculations, it is clear that the 4 4 for the experimentalists), is r e = 1.642 Å in respectable agreement with the experimental value of r 0 = 1.647 Å, 27 but we cannot say the same for the ω e value: ω e (theory) − ω e (experiment) ≈100 cm −1 ; see Table VI. For the 2 4 state located experimentally ∼12 000 cm 
V. SYNOPSIS AND FINAL REMARKS
We believe that this is the first systematic high level ab initio all electron study of the iron monoxide species FeO, FeO + , and FeO − employing correlation consistent basis sets of quintuple quality and a variety of highly correlated methods. At the MRCI + Q/A5ζ level we have constructed for the first time full PECs for 48, 24, and 4 bound states of FeO, FeO + , and FeO − , respectively. For a few low-lying states of FeO and FeO + subvalence (3s 2 3p 6 ) and scalar relativistic effects through the DKH2 approximation have been taken into account; no core effects were included in the calculations of FeO − due to the resulting unmanageable large C − MRCI − L expansions. We report energetics, common spectroscopic parameters (r e , ω e , ω e x e , α e ), dipole moments, and spin-orbit coupling constants A. Although overall our results are in good agreement with experiment, there are still serious discrepancies between theory and experiment, assuming always of course that the experimental numbers are correct. For example our calculations predict that the X We can claim that, overall, and taking into consideration the large basis sets and the variety of methods used, our conclusions are in general trustworthy. This, in combination with the plethora of states examined along with the construction of full PECs, we believe to be quite informative and valuable to all who are interested in the 3d-metal oxides and in particular on the FeO, FeO + , and FeO − species.
